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Phosphorylation of ADP and nucleotide exchange by membrane-bound coupling factor CF 1 are very fast 
reactions in the light, so that a direct comparison of both reactions is difficult. By adding substrate ADP and 
phosphate to illuminated thylakoids together with the uncoupler FCCP, the phosphorylation time is limited 
and the amount of ATP formed can be reduced to less than 1 ATP per enzyme. Low concentrations of 
medium nucleotides during illumination increase the amount of ATP formed during uncoupling presumably 
by binding to the tight nucleotide binding site (further designated as 'site A') with an affinity of 1 to 7 / t M  
for ADP and ATP. ATP formation itself shows half-saturation at about 30 / t  M. Loosely bound nucleotides 
are exchanged upon addition of nucleotides with uncoupler (Schumann, J. (1984) Biochim. Biophys. Acta 
766, 334-342). Release depends binding of nucleotides to a second site. The affinity of this site for ADP (in 
the presence of phosphate) is about 3 0 / t M .  It is assumed that phosphorylation and induction of exchange 
both occur on the same site (site B). During ATP hydrolysis, an ATP molecule is bound to site A, while on 
another site, ATP is hydrolyzed rapidly. The affinity of ADP for the catalytic site (70 p M )  is in the same 
range as the observed Michaelis constant of ADP during phosphorylation; it is assumed that site B is 
involved in ATP hydrolysis. Site A exhibits some catalytic activity; it might be that site A is involved in ATP 
formation in a dual-site mechanism. For ATP hydrolysis, however, direct determination of exchange rates 
showed that the exchange rate of ATP bound to site A is about 30-times lower than ATP hydrolysis under 
the same conditions. 

Introduction 

During illumination of chloroplasts, formation 
of ATP is catalyzed by the membrane-associated 
ATP synthase complex [1,2]. The energy stored in 
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FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; 
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the electrochemical potential difference induces 
reactions of the membrane-associated CF 1 part  of 
the ATPase complex which converts ADP and 
phosphate into ATP [3,4]. The CF 1 contains bind- 
ing sites for nucleotides [5-7]; one ADP molecule 
is tightly bound to the coupling factor complex of 
deenergized membranes which remains bound even 
after isolation of the CF 1 [8-10]. Other binding 
sites were described for the isolated but not for 
the membrane-bound enzyme [1]. 

On the isolated CF1 part, three types of 
nucleotide binding sites were found [6]; site 1 
contains the tightly bound ADP molecule which 
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exchanges slowly for medium ADP, or ATP. Site 2 
specifically binds an ATP molecule (together with 
magnesium) which is not exchanged during cataly- 
sis. It is unlikely that site 1 or site 2 are catalytic 
sites, although site 1 shows some ATP hydrolyzing 
activity [6,10]. Another binding site (site 3) was 
found on the isolated CF 1 for reversible binding of 
adenine nucleotides; this site is presumably the 
catalytic site of the isolated enzyme [6]. Similar 
results predicting three tight nucleotide sites were 
found by Girault et al. [7]. 

Besides the tight ADP site, no further binding 
sites for adenine nucleotides were described for 
the membrane-bound coupling factor under deen- 
ergized conditions [11]. The exchange rate of this 
bound ADP is slow in the dark; upon energization 
by illumination, by acid-base transitions or by 
external electric fields [8,12,13], the exchange is 
accelerated. During illumination of thylakoids in 
the presence of medium ADP or ATP, an equi- 
librium between binding and release of nucleo- 
tides on the ' tight '  site is established; the dissocia- 
tion constant for ADP or ATP is about 2-8  p.M 
[14-16]. It is unknown whether this site par- 
ticipates in the process of ATP formation or ATP 
hydrolysis; at least some ATPase activity of this 
site was described [6,10]. 

The Michaelis constant for ADP in ATP 
synthesis is about 10-times higher than the dissoci- 
ation constant of the tight site [17]. It was there- 
fore assumed that two different types of nucleo- 
tide binding site exist on the coupling factor; 
however, an apparent Michaelis constant may be 
higher than a dissociation constant of the same 
site. Indeed, a lower K m for ADP was found at 
lower Vm~ , rates of phosphorylation [11,18,19]; the 
extrapolation gave K m values in the micromolar 
range. 

Since only one nucleotide binding site was 
found on the coupling factor of illuminated 
thylakoids (with ADP concentrations up to 10 
~M), it was assumed that the tight site might be a 
different form of the catalytic site [11]. 

A second type of nucleotide sites was pos- 
tulated on the activated CF1 because in the pres- 
ence of medium nucleotides, the release of tightly 
or loosely bound ADP from the first site is accel- 
erated [16,20]. ATP hydrolysis occurs even with 
ATP bound to the tight binding site [21]. During 
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photophosphorylation, binding of phosphate and 
ADP induces a rapid release of newly synthesized 
ATP from its binding site [22,23]. On the basis of 
these experiments, a hypothesis of cooperative 
binding sites ('energy-linked binding change 
mechanism'. Refs. 24 and 25) was developed: after 
binding of ADP and phosphate to one site, an 
energy-dependent conformational change releases 
tightly bound ATP from another site, while the 
first site (with ADP and phosphate bound) is 
converted into a tight site. On this site, ATP 
formation occurs without energy input. The re- 
lease of tightly bound nucleotides was found to be 
fast enough for the catalytic process of ATP for- 
mation or hydrolysis [24]. 

In this paper, the properties of nucleotide bind- 
ing sites on the coupling factor were investigated 
during and after illumination; the data suggest 
that the t ight/ loose binding site has at least some 
catalytic activity. Another type of site on the 
coupling factor binds nucleotides with lower affin- 
ity and is assumed to have catalytic properties. 
This is clearly demonstrated for light-triggered 
ATP hydrolysis, where ATP is hydrolyzed on the 
catalytic site while another site is empty or con- 
tains an ATP molecule without affecting the activ- 
ity of the enzyme. 

Materials and Methods 

Broken chloroplasts were isolated from spinach 
leaves as described [9]. Chlorophyll concentrations 
were determined according to Arnon [26]. Incuba- 
tion of the chloroplast suspensions was carried out 
in small glass vessels under stirring with a mag- 
netic stirrer. The assay medium contained Tricine 
buffer (25 mM, pH 8), NaC1 (50 mM), MgC12 (1 
mM), phenazine methosulfate (50 ~tM), and 
thylakoids (chlorophyll concentration, 50-200 
p,g/ml). The samples were illuminated from the 
top (200 W / m  2, white light) for 30-60 s. 

For experiments with magnesium-free thyl- 
akoids, chloroplasts were isolated without MgC12 
but with EDTA (1 mM) in the isolation media. 
The assay medium contained neither MgCI 2 nor 
EDTA. 

For the determination of hydrolysis rates, preil- 
lumination was carried out in the presence of 
dithioerythritol (5 mM). 
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Binding of [14C]nucleotides. For measurements 
of [14C]AdN binding to the nucleotide-depleted 
membranes, samples were preilluminated in the 
absence of nucleotides, and [8-14C]ADP or -ATP 
(2.1 G B q / m m o l ;  Amersham-Buchler) was added 
together with an FCCP solution in the light. FCCP 
was added as an ethanolic solution; the final 
concentration of ethanol was 5% or less. Binding 
of labeled nucleotides was terminated by the 
addition of excess unlabeled ADP (5-10 mM). 
The amount of tightly bound nucelotides was 
determined after chloroplast washing as described 
in Ref. 9. 

For measurements of [xaC]nucleotide levels in 
the light or after light-to-dark transitions, preil- 
lumination was carried out in the presence of 
labeled nucleotides. To prevent extensive hydroly- 
sis of labeled ATP in the light, [lnC]ATP was 
added 5 s before switching off the light. 

Exchange of loosely bound nucleotides during 
uncoupling. 'Loosely bound nucleotides' are those 
nucleotides which are bound to the nucleotide 
binding site during illumination [14,16]; they are 
converted to tightly bound nucleotides if an 
uncoupler is added without unlabeled nucleotides. 
If a high concentration of unlabeled ADP is added 
together with an uncoupler in the light, these 
nucleotides are released into the medium. Under 
these conditions, only 'tightly bound nucleotides' 
remain bound to the membranes. Determination 
of the amount of tightly and loosely bound 
nucleotides is performed by the addition of FCCP 
to thylakoids which are illuminated in the pres- 
ence of [14C]nucleotides. Binding of labeled 
medium nucleotides to the deenergized mem- 
branes shortly after the addition of the uncoupler 
is prevented by the addition of unlabeled ADP a 
few seconds after the first addition. The amount 
of exchanged nucleotides is the difference between 
this value and the value obtained under the given 
experimental conditions (e.g., addition of FCCP 
together with a suboptimal concentration of 
unlabeled ADP). 

Formation of [32p]ATP during uncoupling. To 
determine the amount of ATP formed during the 
addition of substrates and the uncoupler to preil- 
luminated chloroplasts, ADP (1 mM) and 
[32P]phosphate (0.5-1 mM; about 1 GBq/ t tmol ,  
Amersham-Buchler) was added together with 

FCCP in the light. 5 s later, perchloric acid was 
added (final concentration, 0.3 M), and the amount 
of labeled ATP was determined after precipitation 
of free phosphate [27]. 

Determination of A TP hydrolysis rates. For the 
determination of hydrolysis rates, [7-32p]ATP was 
added to samples preilluminated in the presence 
of dithioerythritol (5 mM). The reaction was 
stopped with perchloric acid, and released 
[32p]phosphate was extracted with isobutanol/  
toluene [28]. 

Radioactivity was measured in liquid scintilla- 
tion cocktail (Unisolve 1, Koch-Light Lab., or 
Ready-Solv, Beckman) or in water (Cerenkov 
counting of 32p). 

Results 

Nucleotide binding and phosphorylation during un- 
coupling 

It was described in a preceding paper that 
phosphate increases binding of ADP to the 
energized thylakoids when added together with 
FCCP in the light (Ref. 29 and Table I). The 
effect depends on phosphorylation, but it re- 
mained unclear whether the additional amount of 
bound ATP was synthesized on the same site or 
originated from newly synthesized medium ATP. 

TABLE I 

EFFECT OF M A G N E S I U M  A N D  PHOSPHATE ON TIGHT 
B I N D I N G  OF [14C]ADP A N D  [14C]ATP TO IL- 
L U M I N A T E D  T H Y L A K O I D S  

Chloroplasts were isolated without MgC12 according to 
Materials and Methods; MgCI 2 was omitted from the illumina- 
tion medium. Chlorophyll concentration during illumination 
was 120 ~g /ml .  After 30 s in the light, radioactive ADP or 
ATP (final concentration, 5 rtM) was added together with 
FCCP (5 ~tM) and, when indicated, phosphate (1 mM) a n d / o r  
MgCI 2 (1 mM). 2 s later, unlabeled ADP was added to a final 
concentrat ion of 5 mM, and the amount  of bound 
[14C]nucleotides was determined. 

Additions: Bound nucleotides 
(nmol per mg Chl) 

[14 C]ADP [14 C]ATP 

No addition 0.166 0.078 
Mg 2 + 0.149 0.085 
Pi 0.146 0.032 
Mg 2 + + Pi 0.242 0.050 



If [14C]ATP is added instead of [14C]ADP, less 
nucleotides are bound during the initial phase 
(Table I). Phosphate decreases the amount of 
bound nucleotides even further. It is therefore 
unlikely that on addition of [14C]ADP plus phos- 
phate and FCCP, ATP is synthesized on another 
site and is transferred through the medium to the 
tight site. Tightly bound ATP after addition of 
ADP therefore indicates catalytic activity of the 
tight binding site. 

To determine the total amount of ATP synthe- 
sized during the addition of ADP, phosphate and 
FCCP, ATP formation during uncoupling was 
investigated using radioactive phosphate. Preil- 
luminated thylakoids were supplied with substrate 
ADP and [32p]phosphate together with FCCP in 
the light, and perchloric acid was added 5 s later. 
In this type of experiment, the amount of formed 
ATP can be limited to less than one ATP per CF 1 
while the kinetic constants of phosphorylation are 
unchanged. For example, variation of the ADP (or 
phosphate) concentration in the quench solution 
(at a fixed FCCP concentration) gives normal 
saturation curves; identical Michaelis constants 
were obtained at different concentrations of the 
uncoupler (not shown). The apparent Michaelis 
constant for ADP is 30-50 #M (see Fig. 3), while 
the respective constant for phosphate is 250-400 
/~M. These values are comparable to those ob- 
tained for steady-state phosphorylation during 
continuous illumination [30]. 

Even if 25/~M FCCP were added together with 
1 mM ADP and 1 mM phosphate, detectable 
amounts of ATP were formed. Under these condi- 
tions, 4.5 nmol ATP were formed per mg chloro- 
phyll, i.e., about 4 ATP per CF 1 [31]. If a low 
concentration of ADP ( 'medium ADP';  10 /~M) 
was present in the light, and a high concentration 
of ADP ( 'substrate ADP')  was added with the 
uncoupler and phosphate after 30 s, the amount of 
ATP formed was increased (9.3 n m o l / m g  Chl). 
The low concentration of medium ADP does not 
serve as substrate ADP for ATP formation, since 
medium ATP is able to replace medium ADP (see 
Fig. 1). 

This effect of medium nucleotides is saturated 
at low concentrations (Fig. 1); the half-maximal 
concentration being 5 FM ADP or ATP. The 
concentration of nucleotides needed for the 
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Fig. 1. Effect of  low concent ra t ions  of m e d i u m  nucleotides on 

the formation of ATP during uncoupling. Chloroplasts (100 
rtg/ml) were illuminated in the presence of varying concentra- 
tions of unlabeled ADP or ATP. After 30 s, FCCP (50 /zM) 
was added together with a high amount of ADP (1 mM) and 
[32p]phosphate (1 mM). Perchloric acid was added 2 s later, 
and the amount of [32p]ATP was determined. 

enhancement of ATP formation is comparable 
with the dissociation constant of the tight nucleo- 
tide binding site during illumination [14,16]. Obvi- 
ously, the observed effect depends on binding of 
ADP or ATP to the (tight) nucleotide site of the 
energized form of the coupling factor (presumably 
by increasing the proton gradient in the presence 
of low concentrations of nucleotides [32]). 

Nucleotide release and A TP formation 
As described in a previous paper  [16], a certain 

amount of loosely bound nucleotides is exchanged 
upon addition of FCCP and excess nucleotides. In 
this paper, the properties of this exchange reaction 
were compared with the formation of ATP under 
the same conditions. 

In an experiment shown in Fig. 2, the effect of 
varying FCCP concentrations on the formation of 
ATP as well as the release of nucleotides was 
studied. For the determination of exchangeable 
nucleotides, thylakoids were preillimunated in the 
presence of [14C]ADP; after 30 s, unlabeled ADP 
and phosphate were added together with varying 
concentrations of the uncoupler. 

In a parallel series, the extent of ATP forma- 
tion was determined; unlabeled ADP was em- 
ployed during illumination, while substrate ADP 
and radioactive phosphate were added together 
with the uncoupler. 
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Fig. 2. Formation of ATP and release of loosely bound 
nucleotides during addition of FCCP. Chloroplasts (127 rt g / ml )  
were illuminated for 30 s in the presence of ADP  (5 ~M). For 
the determination of [32p]ATP formation (closed cycles), a 
solution of ADP (1 mM), [32p]p i (1 raM), and various con- 
centrations of FCCP was added in the light; the reaction was 
stopped with perchloric acid 2 s later. For the determination of 
[IaC]ADP binding, i l lumination was carried out in the pres- 
ence of [I~C]ADP instead of unlabeled ADP. After 30 s, a 
solution of A D P  (1 mM), unlabeled Pi (1 mM), and FCCP was 
added, and the amount  of bound [z4C]ADP was determined. 
The amount  of exchanged nucleotides was calculated as the 
difference to the total amount  of loosely bound nucleotides 
(see Materials and Methods). 

In Fig. 2, the amount of nucleotides exchanged 
during the quench and the amount of ATP formed 
under the same conditions is shown. Exchange of 
loosely bound nucleotides is almost unaffected by 
the concentration of FCCP used in this experi- 
ment (see also Ref. 16). As determined from the 
reciprocal plot, 0.6 nmol [14C]ADP are still ex- 
changeable at infinite FCCP concentration. In 
contrast, the formation of ATP extrapolates to 
zero at infinite uncoupler concentration. Variation 
of the uncoupler concentration gives therefore dif- 
ferent, low amounts of synthesized ATP at nearly 
constant values of exchanged nucleotides. 

In the next experiment, the concentration of 
FCCP was kept constant, while the concentration 
of ADP (added together with phosphate and the 
uncoupler) was varied. The amount of [14C]ADP 
exchanged by unlabeled ADP as well as the 
amount of [32p]ATP formed during the quench 
were plotted in a reciprocal plot (Fig. 3). 

Both processes follow the same saturation curve, 
with half-maximal effects at about 30 /~M ADP. 
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Fig. 3. ATP formation and ADP release during uncoupling in 
the light as a function of the ADP concentration in the quench. 
Conditions were as in Fig. 2, except that the ADP concentra- 
tion in the quench solution was varied, and the FCCP con- 
centration was kept constant  (10 ~tM). Chlorophyll concentra- 
tion was 136 ~tg/ml. To prevent slow binding of [IaC]ADP 
after the addition of FCCP, ADP and phosphate, a high 
concentration of ADP (5 mM) was added to the [14C] samples. 
O, ATP formation; zx, ADP release. 

This result shows that the enzyme containing a 
(loosely) bound adenine nucleotide (binding con- 
stant about 5/~M) has a second binding site with 
lower affinity fo ADP (30 /~M). Binding of ADP 
and phosphate to this site leads to the ejection of 
the nucleotide from the first site as well as to 
phosphorylation of medium ADP. 

A TP release and light-triggered A TP hydrolysis 
Early experiments on the effect of ADP bind- 

ing to the light-triggered ATPase showed that the 
enzyme form containing a nucleotide-free binding 
site is active in ATP hydrolysis, while the enzyme 
species containing tightly bound ADP is inactive 
[33]; this result was also found by other groups 
[34,35]. With tightly bound ATP presumably at 
the same site, however, no inhibition of the light- 
triggered ATPase was observed [21], indicating 
that under those conditions even with an occupied 
binding site, the enzyme is still capable of ATP 
hydrolysis. 

In a preceding paper [33], the inhibitory effect 
of ADP on the rate of ATP hydrolysis was in- 
vestigated. ADP was added either before, together 
with or after the addition of substrate ATP. The 



extent and type of inhibition as well as the g i 

values were found to depend on the time of ADP 
addition. 

In the experiment shown in Fig. 4, thylakoids 
were illuminated either in the presence or absence 
of a low concentration of ATP. After light-to-dark 
transition, [y-32p]ATP was added together with 
varying concentrations of ADP, and the rate of 
ATP hydrolysis was determined. If ATP was pre- 
sent in the light, competitive inhibition with a K i 

(ADP) of about 60 ~M was apparent; without 
ATP in the light, the Ki(ADP ) was 5 ~M. Under 
the latter conditions, the simultaneous addition of 
ADP and ATP to the nucleotide-free membranes 
may lead to irreversible binding of ADP to some 
of the enzyme molecules, thus causing inactivation 
of those ATPases (under the experimental condi- 
tions, irreversible inactivation of some ATPases 
gives a quasicompetitive type of inhibition be- 
cause added ADP competes with added ATP for 
the tight binding site; see below). A T P -  like 
ADP - is tightly bound to the coupling factor at a 
light-to-dark transition [10,14-16]. ATP binding, 
however, does not inactivate the ATPase. Assum- 
ing that ATP binds to the same site as ADP (see 
Ref. 21), it is obvious that an enzyme containing 
bound ATP is protected from inactivation by ADP. 
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Fig. 4. Inhibition of light-triggered ATPase by ADP. Chloro- 
plasts (46 Fg/ml)  were illuminated for 1 rain; the medium 
contained in addition dithioerythritol (5 mM). When indicated, 
unlabeled ATP (10 ~tM) was added 5 s before switching off the 
light. After 10 s in the dark, [32p!ATP was added with or 
without ADP (25 ~tM). ATP hydrtJy, sis was stopped after 
10-30 s with perchloric acid. O, illumination with ATP; 
hydrolysis without ADP; e ,  illumination wii~'ATP: hydrolysis 
with ADP; zx, illumination without ATP: hydrolysis without 
ADP; A, illumination without ATP; hydrolysis with ADP. 
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The K i value for ADP found after loading ATP 
onto the tight binding site (60 /~M, see Fig. 4) is 
probably the actual competitive inhibitor constant 
indicating the affinity of the catalytic (ATP hydro- 
lyzing) site for ADP. 

In the next part, the fate of bound ATP during 
ATP hydrolysis was investigated. In the experi- 
ment shown in Fig. 5, thylakoids were illuminated 
in the presence of 5 gM [14C]ATP. After switching 
off the light, either unlabeled ADP together with 
FCCP (open symbols), or unlabeled ATP (closed 
symbols) was added at different times. The amount 
of bound radioactive nucleotides was determined 
after several minutes in the dark. 

With ADP and FCCP in the quench, normal 
biphasic binding kinetics were obtained [14,16]. If 
ATP was added without FCCP (i.e., conditions 
under which ATP hydrolysis occurs), a much lower 
level of bound nucleotides was found. Therefore, 
ATP is released during hydrolysis of medium ATP 
but remains bound after deenergization (i.e., ad- 
dition of ADP plus uncoupler). 

To measure the exchange rate of bound 
[14C]ATP induced by light-triggered ATP hydrol- 
ysis, thylakoids were illuminated in the presence 
of radioactive ATP, and a limited amount of 
unlabeled ATP was added 10 s after illumination. 
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Fig. 5. Time-course of [14C]ATP binding dunng light-to-dark 
transitions. Illumination (+  dithioerythritol) as in Fig. 4; chlo- 
rophyll concentration was 147 }tg/ml. [14C]labeled ATP (5 
~tM) was added 5 s before switching off the light. Binding of 
ATP was quenched by the addition of either unlabeled ADP 
and FCCP (5 mM and 10 ttM, respectively), or unlabeled ATP 
(5 mM). Thylakoids were washed after 30 min in the dark. 
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At various times the reaction was terminated by 
addition of a high concentration of ADP, FCCP 
and EDTA which stops the ATPase reaction at- 
most immediately. In a parallel series, [32p]ATP 
was added, and the time-course of ATP hydrolysis 
was followed by the release of [32p]phosphate. 

The level of bound [a4C]AdN decreased after 
the addition of ATP. From the slope of the curve, 
an initial exchange rate of 0.45 #mol A d N / m g  
C h l / h  was calculated. Using the ATP content at 
zero and 0.5 s after ATP addition (0.76 and 0.62 
n m o l / m g  Chl), a release rate of 1 ~ m o l / m g  Chl 
per h is apparent. The rate of ATP hydrolysis was 
16 ffmol A T P / m g  Chl per h within the first 
minute after the addition of ATP; no lag phase 
was observed. ATP hydrolysis appears to be about 
15- to 30-times faster than the release of bound 
nucleotides (Fig. 6). 

If the light trigger is done in the absence of 
medium ATP, the tight binding site is depleted. 
When ATP is added in the dark, ATP binding as 
well as hydrolysis occurs simultaneously. Fig. 7 
demonstrates that under these conditions, the rate 
of ATP hydrolysis is relatively fast (2 ~mol P i /mg 
Chl per h; upper part) while ATP binding is slow 
(0.06 /~mol AdN b o u n d / m g  Chl per h; lower 
part). In a parallel series, FCCP was added 5 s 
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Fig. 6. Time-course of [14C]ATP binding and release. Condi- 
tions as in Fig. 5; chlorophyll concentration 129 ~g /ml .  After 
10 s in the dark, unlabeled ATP (200 ~M) was added to start 
ATP hydrolysis. The reaction was stopped by a solution of 
ADP (10 mM), FCCP (10 ~M) and EDTA (5 mM). For the 
control (open cycles), no ATP was added after 10 s in the dark. 
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Fig. 7. Time-course of ATP binding to preilluminatcd 
thylakoids and of ATP hydrolysis. Thylakoids (150 ~g/ml) 
were illuminated for 1 rain in a medium containing dithio- 
threitoh either 5 ~M [14C]ATP (lower part) or 5 ~M [32p]ATP 
(upper part) was added 10 s after illumination. Binding was 
terminated by the addition of unlabeled ADP and FCCP; 
hydrolysis was terminated with perchloric acid. Closed sym- 
bols: FCCP (final concentration 5 ~M) was added 5 s after the 
light trigger and 5 s before ATP addition. 

after the light trigger; ATP was added 5 s later. 
While ATP binding to the deenergized coupling 
factor is not affected by the uncoupler, the rate of 
ATP hydrolysis is slower than in the control, and 
the reaction stops before ATP is completely hy- 
drolyzed (see Refs. 36, 37). 

From these results it is assumed that the ap- 
pearance of bound ATP is not required for ATP 
hydrolysis; i.e., hydrolysis is not affected by the 
presence or absence of ATP on the tight site. 

D i s c u s s i o n  

The data described in this p a p e r -  in accor- 
dance with the l i te ra ture-  strongly support a 
model of at least two different types of nucleotide 
binding site on the chloroplast coupling factor. 
One type (further designated as 'site A') binds 
adenine nucleotides with high affinity and has 
some catalytic activity. Since the release of bound 
nucleotides is accelerated in the presence of 
medium nucleotides, and light-triggered ATP hy- 
drolysis is possible either without or with ATP 



bound to site A, at least one additional type of site 
('site B') is assumed on the coupfing factor of 
illuminated or preilluminated thylakoids; this site 
might be the main catalytic site in ATP formation 
and hydrolysis. 

On deenergized thylakoids, site A contains an 
ADP molecule. Hardly any release or exchange of 
this ADP occurs in the dark; upon illumination in 
the absence of medium nucleotides, this bound 
ADP is released rapidly, thus leading to a nucleo- 
tide-free enzyme form [9]. This site binds ADP or 
ATP during or after energization of thylakoids; 
the rate of nucleotide binding is higher in the light 
than in the dark [16]. Re-release of bound AdN 
makes it impossible to determine absolute binding 
rates to the energized conformation of the CF 1, 
but relative numbers were obtained by the addition 
of radioactive nucleotides and an uncoupler to 
preilluminated thylakoids (Ref. 16 and this paper). 

Phosphate increases the amount of bound 
nucleotides when added together with ADP and 
the uncoupler; ATP is formed and remains bound 
under these conditions [29]. Since binding of 
medium ATP is slow, and is further decreased in 
the presence of phosphate (Table I), it is assumed 
that this bound ATP was formed on the tight site 
itself, thus showing catalytic activity of this site. 
ATPase activity of presumably the same site was 
shown earlier by Magnusson and McCarty [10]. 

Binding of ADP to the nucleotide-depleted site 
A is nearly irreversible in the dark [9]. [14C]ATP 
behaves like [14C]ADP unless substrate ATP is 
added, allowing ATP hydrolysis: under these con- 
ditions, bound [14C]ATP is released (Figs. 5 and 
6). Since ATP release is slower than ATP hydroly- 
sis, it seems obvious that cleavage of ATP occurs 
on a second site without direct participation of the 
nucleotide-containing site A. A possible explana- 
tion for the slow release (Fig. 6) is the proton 
gradient formed during light-triggered ATP hy- 
drolysis, which even drives phosphorylation of 
medium ADP [38]. 

Under energized conditions, reversible binding 
of nucleotides to the tight binding site (site A) is 
obtained; the affinity of this site for ADP is about 
3 - 7 / t M  [14,16], and about 1-7 ~M for ATP [15]. 
A portion of the nucleotides are loosely bound, 
but even in the light, some tightly bound nucleo- 
tides are present [14,16]. Assuming that the en- 
zyme form containing tightly bound ADP is inac- 
tive in photophosphorylation [11], the enzyme form 
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containing loosely bound ADP is responsible for 
ATP formation in the light. 

Upon deenergization by switching off the light 
or by adding an uncoupler, all enzymes containing 
loosely bound nucleotides change to a conforma- 
tion with tightly bound nucleotides. If a high 
amount of ADP or ATP is added together with 
the uncoupler, all loosely bound nucleotides are 
released, indicating again that at least one other 
binding site for nucleotides is present on the coup- 
ling factor of energized thylakoids. This binding 
site ('site B') has a lower affinity for ADP or ATP 
than site A (30-60 ~M versus 1-7/~M; see Figs. 3 
and 4), and it catalyzes light-triggered ATP hy- 
drolysis even with ATP bound to site A (Figs. 6 
and 7). 

It is reasonable that rapid ATP formation in 
the light is catalyzed by site B, because the ap- 
parent Michaelis constant for ADP during ATP 
synthesis is in the same range as the Ki(ADP ) in 
ATP hydrolysis. The same concentration of ADP 
is needed for the half maximal ejection of ADP 
(or ATP) from site A (Fig. 3), indicating that the 
affinity of site B is lower than that of site A. 
However, a direct interaction between site A and 
site B is evident for the energized enzyme. 

Cooperative effects between binding sites of 
CF 1 during illumination were described by several 
groups. For example, medium nucleotides accel- 
erate the release of tightly bound ADP from mem- 
brane-bound ATP synthases. Starting with mem- 
branes containing [14C]ADP on the tight binding 
site, Strotmann [20] found that ADP release at the 
onset of illumination is as fast as the formation of 
ATP; binding of medium ADP and phosphate to 
a site different from the tight site is a prerequisite 
for the rapid phase of nucleotide release. 

Unfortunately, the rate of nucleotide exchange 
cannot be determined under the experimental con- 
ditions of Fig. 3, mainly because the release of 
AdN from site A occurs even after deenergization. 
Therefore it can not be excluded that site A gains 
full catalytic properties equivalent to site B after 
binding of substrates and ejection of bound ADP 
from site A; this would fit to the model of alter- 
nating sites involved in ATP synthesis ('energy- 
linked binding change mechanism') as developed 
by Boyer and co-workers [24,25]. In this model, 
ATP is formed from tightly bound ADP and 
phosphate without further energy input; binding 
of substrates to another site and an energy-depen- 
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d e n t  c o n f o r m a t i o n a l  c h a n g e  l eads  to  t ight  b i n d i n g  

of  A D P  a n d  p h o s p h a t e ,  whi le  the  t ight  A T P  site 

b e c o m e s  a loose  A T P  site. A f t e r  d i s soc i a t i on  of  

A T P  and  a n o t h e r  c o n f o r m a t i o n a l  change ,  the  

f o r m e r  t ight  si te is ab le  to b i n d  subs t r a t e  A D P  

a n d  p h o s p h a t e  [24,25]. I n  this mode l ,  the  d i f f e r e n t  

s ta tes  o f  a b i n d i n g  si te h a v e  d i f f e r en t  a f f in i t ies  for  

nuc l eo t ides ;  d i f f e r ences  in re la t ive  a f f in i t ies  as 

d e s c r i b e d  for  si te A and  site B do  no t  exc lude  the  

pos ib i l i t y  tha t  these  si tes are  j u s t  d i f f e r en t  s ta tes  

o f  one  and  the  s a m e  site. It  is w e l l  a c c e p t e d  for  the  

m i t o c h o n d r i a l  c o u p l i n g  f ac to r  tha t  b i n d i n g  of  A T P  

to o n e  of  th ree  ca t a ly t i c  sites occu r s  wi th  a ve ry  

h igh  a f f in i ty  bu t  dec reases  the  a f f in i ty  o f  the  

s econd  b i n d i n g  si te for  A T P ,  thus  s h o w i n g  nega -  

t ive  c o o p e r a t i v i t y  [39]. 

E x c h a n g e  d a t a  f o u n d  for  p h o s p h o r y l a t i o n  are  

in a g r e e m e n t  wi th  a b i n d i n g  c h a n g e  m e c h a n i s m  

(Refs .  20, 23, 24, a n d  this p a p e r )  whi le  the  d a t a  on  

A T P  h y d r o l y s i s / e x c h a n g e  (Fig.  6) are  not .  F u r -  

ther  w o r k  is n e e d e d  to f ind  an e x p l a n a t i o n  for  the  

d i s c r e p a n c i e s  b e t w e e n  the  d a t a  for  A T P  synthes i s  

a n d  for  A T P  hydrolys is .  
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